Introduction
Otoliths or "earstones" are small, white structures found in the head of all bony fishes. Otoliths provide balance and aid in hearing (Campana, 2004) . Otoliths are also helpful to understanding different fish features and are taxonomically informative. These structures have been central in fish paleontological research (Smale et al., 1995; Nolf, 1995) , taxonomical studies (Martínez & Monasterio Among the three otolith types distinguished in the internal fish ear (namely, the asteriscus, lapillus and sagitta), sagitta otoliths exhibit the largest interspecific morphological variation (Popper & Coombs, 1982; Williams & McEldowney, 1990; Martínez & Monasterio de Gonzo, 1991; Smale et al., 1995) and have been studied to identify ontogenic changes in growth, sexual dimorphism, or morphometric relationships in different fish species (Colura & King 1995; Tuset et al., 2003; Yamauchi et al., 2008; Carvalho & Corrêa, 2014) . Because otoliths grow at a steady rate, their sectioning and growth ring count constitute the handiest and most reliable way to determine a fish's age (Puentes et al., 2004; Green et al., 2009) .
Otolith studies are scarce in tropical fishes since many local researchers have long argued that otolith analyses are expensive and useless. However, otolith utility was already demonstrated by Gjøsaeter et al., (1984) and MoralesNin, (1989) with their studies conducted in warm waters. In addition, age determination and growth studies employing otoliths in tropical fishes have shown good results in fish such as snappers (Morales-Nin & Ralston, 1990; Claro et al., 1999; Newman, 2002) and groupers (Sadovy et al., 1992; Tuset et al., 2003; Renones et al., 2007) . Currently, otoliths are regarded as a useful tool to study the growth and age of Colombian ichthyofauna.
The Yellowtail snapper (Lutjanus argentiventris, Peters, 1869) is an economically important species in the Eastern tropical Pacific. This species inhabits waters off the coast from South California (USA) to Peru (Robertson & Allen, 2006) . In the Colombian Pacific, the Yellowtail snapper is commonly found in rocky bottoms at depths between 3 m and 119 m (Rojas & Zapata, 2006) . Its Average size at capture (Lt: Total Length), through artisanal longline fishing, ranges from 20 cm to 70 cm, and its average size at maturity (L50) is 52 cm Lt. The Yellowtail snapper's reproductive season is between July and September (Rojas et al., 2004b) .
Another economically relevant fish species in the tropical pacific is the Red grouper (Hyporthodus acanthistius, Gilbert, 1892). The Red grouper co-occurs with the Yellowtail snapper along its entire distribution range. The Red grouper inhabits rocky reefs and sandy bottoms (Robertson & Allen, 2006) and can be found between depths of 18 m and 119 m in the Colombian Pacific (Rojas & Zapata, 2006) . The Red grouper's capture size (artisanal longline) is between 24 cm and 85.5 cm Lt, with an average capture size of 51 cm Lt, which is the lowest average capture size reported since 1998 in the Colombian Pacific Ocean (Barreto & Borda, 2008 (Rojas et al., 2004a) .
Four studies have been published in Colombia using bony structures, such as pectoral spines (Reina et al., 1995 ), urohial bones (Arévalo et al., 2004 , lapillus otoliths (Zapata & Herrón, 2002) and vertebra (Mejía-Falla et al., 2014) . In the present study we aimed at describing the morphology of whole sagitta otoliths of Yellowtail snapper and Red groupers caught in the Colombian Pacific, studying otolith sections for fish age determination, and analyzing different otolith-fish body morphometric relationships.
Materials and methods
Fish specimens and whole sagitta otolith analyses
Yellowtail snapper and Red grouper specimens were collected from the experimental small-scale long line fishery of the National Natural Park Gorgona (78
• 59 N); the sampling area, where fishing was interdicted, was established for the park's fish monitoring program. Sampling also was conducted in the park's neighboring areas, located off the Colombian Pacific coast (Fig. 1) . For each Yellowtail snapper specimen L. argentiventris (n = 58) and Red grouper specimen H. acanthistius (n = 109), sex, maturity stage, total length (Lt), and total weight (Wt) were recorded. Sagitta otoliths were extracted from each specimen, and the features of the whole left sagitta otolith were examined under a LEICA MZ12.5 stereoscope (Leica Microsystems, Heerbrugg, Switzerland) . This analysis consisted on describing different otolith structures illustrated in Fig. 2A and as follows.
Along an otolith's anterior-posterior axis, in the middle area, lies a structure called the sulcus acusticus. The sulcus is usually divided into two sections, one anterior and the other posterior: the ostium and the cauda, respectively. Both ostium and cauda are lined by the crista, a rim developed and evident; the crista has a frequently raised floor, the collicullum. The sulcus acusticus of each otolith was described considering the relationship between its ostium and cauda, the type of the opening, and its position on the otolith. The ostium generally reaches the anterior margin of the otolith where it opens onto the excisura ostii. The rostrum is a protuberance in the anterior margin of the otolith, ventral to the opening of the ostium; the antirostrum is a protuberance that is normally smaller than the rostrum and sometimes develops dorsal to the opening of the ostium, where the excisura ostii forms a notch. In the present otolith description, the shapes of both the rostrum and the antirostrum were described as peaked, round, or blunt. The cauda, at the posterior margin of the otolith, is most frequently closed and often exhibits a ventrally curved tip that does not reach the posterior margin of the otolith; determining the shape and type of the cauda was part of the present otolith description. The margins are the outlines of the otolith, and for this study, the following cauda shapes were considered: a) Sinuate: margin finely sinuous and regular; b) Crenate: margin regularly wavy, forming round and superficial crenulations; c) Dentate: round tipped margin and with fused projections, occasionally separated by very narrow and shallow indentations; d) Serrate: margin with small sharp regular tips; and e) Irregular: margin with irregularly spaced slots and protuberances. The whole left sagitta otolith of each specimen was removed and studied following Tuset et al., (2008) . The length of each left otolith was measured to the nearest 0.1 mm (Fig. 2B) (Studio Team, 2016) . The package data.table (Dowle & Srinivasan, 2018) was employed to handle datasets and plots were generated with packages ggplot2 (Wickham, 2016) and gridExtra (Auguié, 2017) .
Otolith section analyses
Left sagitta otoliths of 37 L. argentiventris and 61 H. acanthistius specimens were sectioned. Prior to sectioning, each otolith was embedded in epoxy resin for 48 hours. Once compacted and labeled, each resin-embedded otolith was subjected to longitudinal and transversal sections made through its nucleus with a Microcutter type MC-201 (Maruto Co. Ltd. Tokyo, Japan) and polished with a polisher type 9820 (Makita Co., Ltd, Tokyo, Japan). This resulted in 0.2 mm otolith sections; each section was mounted on a labeled glass slide and was observed under a LEICA MZ12.5 stereoscope (Leica Microsystems, Heerbrugg, Switzerland). Since both longitudinal and transversal sections were mounted, these two were compared to identifying which was the best to describe otolith section morphology and to count and measure growth rings (Fig. 3) . 
Results

Relationship between body and otolith features in yellowtail snappers
The total length of Yellowtail snapper specimens ranged from 29 cm to 70 cm (mean length was 49.66 cm) and their total weight ranged from 150 g to 4 500 g (mean weight was 1 693 g). We observed no sexual dimorphism for these two traits among the specimens measured. The external morphology observations of Yellowtail snapper otoliths revealed that their texture is smooth in large fishes, whereas otoliths of small fishes are rough. Regardless of fish size, from a distal perspective, otoliths were sharply concave, and from a proximal perspective, otoliths appeared laterally compressed and elliptic. At the anterior side of the distal surface, rings forming around the nucleus could be distinguished by the naked eye. Otolith margins were slightly crenate. The sulcus acusticus was heterosulcoid, having an ostial opening at the median position, with well-developed dorsal and ventral cristae; the dorsal crista started at the antirostrum and connected with the ventral crista at the cauda, which is less prominent after the collum and towards the rostrum. The depth of the sulcus acusticus increased with otolith size. The caudae were tubular, curved, and markedly flexed from the middle region, ending close to the posterior margin. Each ostium was funnel-like and slightly longer than the cauda. The rostrae were short, broad and pointed whereas the antirostrae were underdeveloped or very small. The excisura ostii appeared wide and could be found either with or without a notch. The otolith's posterior region was oblique (Fig. 4A ).
The relationships between otolith length or weight and fish length or weight were best described by fitting a power model to the data, as revealed in Table 1 and further described in Fig. 5 . Neither exponential nor linear models were appropriate to explain the relationships between variables (p > 0.05). None of these models included sex a co-variable.
In our Yellowtail snapper otolith section analysis, we observed that transversal sections of were better than longitudinal ones at revealing internal otolith structures. Otolith section structures could be seen with direct or reflected light, but reflected light proved better (Fig. 4B) . In all sections, the nuclei were well defined towards the distal surface and sulci acusticus gradually opened from the nucleus to the proximal surface in a "V" shape. The first two translucent zones of growth rings were wider and less defined than the subsequent ones. The best area to count and measure growth rings was located on, or slightly aside, the dorsal tip of the sulcus acusticus. Observed growth rings ranged from 2 (female specimen, 32 cm total length, 26 cm standard length, 920 g total weight) to 17 (male specimen, total length of 60 cm, standard length of 50 cm, total weight of 4 500 g). However, we found a female specimen with a total length of 70 cm (standard length of 61 cm, total weight of 5 500 g) with 16 growth rings. We also observed five otoliths with recently formed external growth rings (three in February one in March, and one in April).
Relationship between body and otolith features in Red groupers
Among the 109 studied Red grouper specimens, total length ranged from 27.5 cm to 75 cm (mean length was 51.7 cm), and total weight ranged from 250 g to 5 400 g (mean weight was 2 196 g). Regarding otolith morphology in this fish species, we observed that bigger otoliths were smooth and small ones were rough. From the proximal perspective, otoliths were laterally compressed and elliptic in appearance, being slightly concave from the distal surface. Margins were crenate. In each otolith the sulcus acusticus was heterosulcoid, with an ostial opening at the median position; the dorsal and ventral cristae were well developed, and the ventral cristae faded away around the ostium. In large otoliths, the collum appeared well developed and differentiated by both dorsal and ventral crista. The caudae were tubular, sinuously curved, and flexed from the middle region ending close to the posterior-ventral margin. Ostiae were funnel-like and shorter or slightly shorter than the cauda in larger otoliths. In each of the Red grouper otoliths, the rostrum was relatively long (1/4 of the otolith length), broad, and pointed with an underdeveloped antirostrum. The excisurae ostii were wide, without a notch, and exhibiting Transversal section of a sagitta otolith of a Lutjanus argentiventris specimen of 60 cm (total length) and 4 500 g (total weight).
oblique posterior regions. All growth rings were observed with the naked eye in the middle of the distal surface. from the anterior part to the excisura ostii around the nucleus, showing some slots. Some otoliths had calcareous accretions, especially on the margins (Fig. 6A) .
We studied Red grouper otolith internal features using transversal sections under reflected light (Fig. 6B ). Otolith nuclei were well defined towards the distal surface; each otolith exhibited a sulcus acusticus opening gradually towards the proximal surface with its ventral tip more developed than the dorsal one. We counted and measured growth rings in each otolith section slightly next to the ventral tip of the sulcus acusticus. Among the set of red grouper otoliths, the growth rings observed ranged from 2 (undetermined sex specimen with a total length of 63 cm, standard length of 50 cm and total weight of 2 900 g) to 18 (two undetermined sex specimens, one with a total length of 75 cm, standard length of 60 cm and total weight of 6 000 g, and the other with a total length of 72 cm, standard length of 60 cm and total weight of 4 850 g). Recently formed growth rings were found in three otoliths (one in July and two in August).
The relationships between otolith length and weight and fish length and weight in Red groupers were best described by fitting power models to the data, as shown in 
Discussion
We have conducted the first morphological study of whole sagitta otoliths and their transversal sections in yellowtail snapper and red grouper specimens from the Colombian Pacific Ocean. The observed Yellowtail snapper otoliths show similarity with otoliths of lutjanid species from Australia (Newman et al., 1996; Newman et al., 2000) . These otoliths are also akin to the ones studied in other snapper species, Lutjanus lutjanus, from the Persian Gulf (Sadighzadeh et al., 2014) . The most common characteristic for sagitta otoliths of the genus Lutjanus, is that they may be distinctly concave from their distal surface. Interestingly, we observed no sexual dimorphism for total fish length, total fish weight, or otolith external morphology in the Yellowtail snapper. In fact, lack of sexual dimorphism for fish length has previously been reported for Yellowtail snapper specimens of both sexes at all length classes recorded (Rojas et al., 2004b) . Consequently, in the present study sex was not considered as an explanatory variable in any the fitted models.
The four fitted models relating Yellowtail snapper otolith length and/or weight with fish length and/or weight had low determination coefficients. We argue that the concavity of the otoliths by their distal surface made it difficult to measure their lengths along their surface, thus leading to measurement errors affecting the models based on otolith length. In the present study we took a straight measurement between the otolith's rostrum and its posterior side, likely introducing noise to the models tested. We believe it is important to devise a method for estimating the length of the otolith along its concave surface and to fit these data again to further evaluate model fitting. Although our best model (the power model) modestly fitted our Yellowtail snapper data, there is evidence that otolith length is a good predictor of fish length in other snapper species; Jawad et al., (2011) reported a robust relationship between otolith length and total length in a sample of 152 Bengal snappers (Lutjanus bengalensis) with a linear model (R 2 = 0.853).
As for the observed red grouper sagitta otoliths, these revealed features similar to those described in other serranid species, for instance, Dules auriga and Serranus atrobranchus from Brazil and Nemipterus japonicus (Nemipteridae; Seyfabadi et al., 2014) ; These parallels ought be regarded with caution, since serranid fishes are known to exhibit large interspecific variation in otolith morphology (Rossi-Wongtschowski et al., 2014) . No otolith morphology descriptions or morphometric relationships were found for the species (Hyporthodus acanthistius) or the genus. Tuset et al., (2005) reported for Serranus scriba that otolith length is the best predictor of fish length, while otolith weight is the best predictor of fish age, and because Nemipterus japonicus (Nemipteridae) showed a similar otolith morphology with that of our Red groupers (H. acanthistius), we checked the different otolith morphology and body size relationships reported by Seyfabadi et al., (2014) Nemipterus japonicus in the northern Oman Sea (n = 150). The best fits were revealed by a linear model between otolith length and fish length (fork length), a power model between otolith length and fish weight, a power model between otolith weight and fish length, and a linear model between otolith weight and fish weight. In our study, the power model showed the best fit for all different relationships estimated: fish length (total length) as a function of otolith length, fish length as a function of otolith weight, total weight as a function of otolith length, and fish weight as a function otolith weight. Interestingly, all residual analyses done for all morphometric relationships in the two fish species subject of this study revealed better correlations between specimen size and otolith size when data points are in a middle of the magnitude range (i.e. medium fish and otolith sizes). Nevertheless, larger datasets are required for more robust estimations.
Transversal otolith sections in Red groupers showed structures clearly distinguishable as growth rings. Annual growth rings have been validated for similar tropical serranid fishes (Bullock et al., 1992; Craig et al., 1999; Manickchand-Heileman & Phillip, 2000; Tuset et al., 2003; Tuset et al., 2005; Reñones et al., 2007) , so annual growth rings are likely to occur in our Red groupers and so age and growth parameters could be estimated.
We applied a relatively simple method to describe otolith morphology from Yellowtail snapper and Red grouper specimens from the Colombian Pacific Ocean; however, we are aware of the availability of methods more suitable to analyze otolith features such as shape indices, providing species-diagnostic information (Tuset et al., 2003) . Further development of this kind of investigations will help us overcome the difficulties posed by otolith size, for instance, using digital image processing systems and multivariate analyses (Lombarte & Lleonart, 1993) , and increasing the number of otoliths analyzed, will allow us to consider models based on the Huxley's allometric equation (Bervian et al., 2006) and geometric morphometric relations (Monteiro et al., 2005) .
Conclusions
In this study, sagitta otolith morphologies were described for two economically important fish species in the Colombian Pacific Ocean. In this study relationships among otoliths length or weight with fish length or weight were significant for the Red grouper (H. acanthistius) but not for the Yellowtail snapper (L. argentiventris). Nonetheless, otolith morphology appeared to be useful for fish identification in the two species studied.
Transversal sections of all otoliths clearly revealed their internal structures and proved to be reliable for growth and age studies, however validation of the periodicity of growth rings is necessary. Furthermore, estimation of growth parameters via otolith inspection in these species will be useful to compare estimations already done with length frequency analysis. In Colombia, the study of these structures has the potential to improve our knowledge of fish life history and to be an important tool in fishery management. Resumen: Las formaciones pétreas del oído de los peces, u otolitos, son estructuras auriculares internas que se pueden estudiar para determinar la edad de los peces y son una fuente de datos informativos taxonómicamente. En el presente trabajo se colectaron otolitos sagitta del pargo amarillo (Lutjanus argentiventris) y del mero rojo (Hyporthodus acanthistius) en el Pacífico colombiano, y se estudiaron sus características morfológicas claves. Los otolitos del pargo amarillo fueron distintivamente cóncavos por su superficie distal, con lo cual revelaron características compartidas con especies de su género (Lutjanus). Los otolitos del mero rojo eran elípticos y comprimidos lateralmente por su superficie proximal, lo cual los hace similares a los de otras especies de serránidos. Se estudiaron también las relaciones morfométricas entre el tamaño y peso de los otolitos y el tamaño y peso del pez completo. En el mero rojo se encontraron relaciones morfométricas estadísticamente significativas, a través de modelos potenciales de regresión, entre los otolitos y las características corporales. Se relacionó la longitud del otolito con la longitud total del pez, el peso del otolito con la longitud total del pez, la longitud del otolito con el peso total del pez y el peso del otolito con el peso total del pez. No se encontraron relaciones morfométricamente significativas para los datos del pargo amarillo. En ambas especies de peces las secciones transversales del otolito probaron ser mejores para identificar sus características internas y distinguir sus anillos de crecimiento, como método para determinar la edad del espécimen. 
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